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Abstract 

We study the depinning of domain walls by pure diffusive spin currents in a nonlocal 
spin valve structure based on two ferromagnetic permalloy elements with copper as the 
nonmagnetic spin conduit. The injected spin current is absorbed by the second permalloy 
structure with a domain wall and from the dependence of the wall depinning field on the spin 
current density we find an efficiency of 6 • lCT 14 T/(A/m 2 ), which is more than an order of 
magnitude larger than for conventional current induced domain wall motion. Theoretically 
we reproduce this high efficiency which arises from the surface torques exerted by the 
absorbed spin current that lead to efficient depinning. 
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Spin currents and magnetoresistance effects have received much attention over 
the last two decades [1]. The reciprocal influence of spin polarized charge currents 
on the magnetization, which leads to switching in multilayer pillars [2] and the 
manipulation of magnetic domain walls (DWs) by currents, has become the focus 
of research due to the fundamental physics as well as possible applications [3, 4]. 
The manipulation of DWs has been attempted using spin polarized charge currents 
[5, 6, 7] or local Oersted fields [8]. However, DW depinning using Oersted fields is 
facing challenges regarding the scalability and for spin-polarized charge currents, 
the effective non-adiabatic torque is small for permalloy with wide walls ( (3 -C 
1) [9,10,11]. Furthermore, charge currents lead to Joule heating and at increased 
temperatures the spin torque efficiency further decreases [12]. 

A possible alternative approach is to employ pure spin currents, where the elec- 
trons diffuse without an associated net charge current. While the generation of spin 
currents involves energy dissipation, it can occur at a distant location from the de- 
vice, which can thus be kept cool and still manipulated by the absorbed diffusive 
spin currents. 

Nonlocal spin valves (NLSVs) are promising geometries to generate pure spin 
currents across transparent [13, 14, 15] or tunneling contacts [16, 17]. Recently, Yang 
et al. have shown the reversal of the magnetic state of a permalloy disc in a NLSV 
geometry where the device could be used either in a nonlocal or a lateral spin valve 
contact setup, and the same critical current densities were observed since the same 
torques are acting [18]. This is expected to be radically different for the case of a 
domain wall in a ferromagnetic wire where the adiabatic and non-adiabatic torques 
exerted by a combined charge and spin polarized current flowing in the wire across 
the DW and the torques exerted by a spin current absorbed at the DW position 
will be fundamentally different but to date this has not been investigated. 

We present in this paper depinning of DWs assisted by pure spin currents. We 
determine the spin diffusion length in Cu and the spin polarization in permalloy 
(NigoFe2o, Py)j an d from this we calculate the spin current that diffuses to the 
ferromagnetic structure where a DW is positioned. We measure the spin current as- 
sisted DW depinning and find a large efficiency of the spin current induced torques. 
This can be explained by the large interface torque that stems from the perpendi- 
cular orientation of the magnetization in the domain wall with respect to the spins 
in the spin current acting on the surface layers. 

The two samples examined here (referred to as A and B hereafter) were fa- 
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bricated in a two step lithography process [19] and a scanning electron microscope 
(SEM) image of such a sample is shown in Fig. 1 (a). In Fig 1 (b), an X-ray Magnetic 
Circular Dichroism Photoemission Electron Microscopy (XMCD-PEEM) [20] image 
of the magnetization configuration with a DW and a corresponding micromagnetic 
simulation [21] using the same geometry are presented (Fig. 1(c)). First the two Py 
elements shown in Fig. 1 (a) were deposited with a thickness of 17 nm and a width 
of 300 nm and 600 nm for the wire and the half ring wire respectively. Before the 
deposition of 50 nm copper (Cu) as the nonmagnetic material, ion milling was used 
to clean the interface. On top of the Cu layers, 2 nm of Au was deposited to prevent 
them from oxidation. The width of the central Cu wire is 330 nm for sample A and 
490 nm for sample B. The edge-to-edge distance between the Py wires was 295 nm in 
sample A and 110 nm in sample B. We did not take advantage of tunnel barriers at 
the ferromagnetic-nonferromagnetic interfaces, since, although better injection effi- 
ciencies can be achieved [16, 17], this strongly limits the maximum charge current. 
Transport measurements were conducted in a cryostat at 4.2 K using a standard 
lock-in technique and an in-plane rotatable external magnetic field. 

We measure the nonlocal spin signal on both samples (see Fig. 2) with a peak 
applied charge current density of 2-10 n ^4x in the Py wire. The origin of these signals 
is a charge current Iq driven from a ferromagnet (FM) into a nonferromagnet (NM) , 
which generates a spin accumulation diffusing to a second ferromagnet [14]. From 
the calculations in [22, 23] for a nonlocal geometry with two different FMs, one 
obtains a nonlocal spin voltage of 

WnlW = t^tt * 2 fIcRs,fiRs,f2Rs,n (1) 

exp (^) [R s ,n(Rs,fi + R S ,F2) + 2R S ,FlRs,F2] + R% N sinh (£) 

at the second interface, which describes the difference between a parallel and antipar- 
allel magnetic configuration. Here, d is the distance between both FMs, aF the spin 
polarization in the FM and Rs : i is the spin resistance with R$ : i = 2/3jAj/(>f?(l — af)), 
where pi is the resistivity, Aj the spin diffusion length of the specific material and 
S the cross-sectional area. The spin current at the second interface is then given by 
Is(d) = AVjvx(d) / («f Rs,F2) i and the measured nonlocal spin resistance change is 
defined as A-Rnl = AVnl/Ic- 

The jumps in the nonlocal spin resistance signal (Fig. 2) correspond to the 
switching of the FM wire and half ring (see sketch in Fig. 2). The spin signal increases 
from 20.9 for an edge-to-edge distance of 295 nm in sample A to 88.8 fxQ, in 
sample B with a spacing of 110 nm between both Py wires. Note that the measured 
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spin resistance signal is not symmetric around f2 and this can originate from an 
inhomogeneous current distribution [24, 25]. Furthermore the switching fields are 
not exactly equal in both samples, which is probably due to slight variations in the 
geometry and edge roughness. 

We used the following approach to determine the spin diffusion length in the 
Cu wire and the spin polarization of the Py stripes: Due to the small spin diffusion 
length in Py [26, 27], the cross-section areas for both ferromagnets are defined as 
the interface cross-section (width of the permalloy structure times width of the Cu 
structure) . This results in a cubic dependence on the Cu width of the numerator and 
a square dependence of all terms in the denominator in Eq. 1. Multiplying Eq. 1 with 
the Cu width makes the right side thus independent of the Cu width, thus allowing 
us to use two samples with different Cu widths for the analysis. The resistivities 
used are 25 /ificm for the bulk Py value and 2.2 /iOcm for the Cu respectively. To 
determine the spin diffusion length in Cu and the spin polarization of Py, we use a 
fixed value of 5 nm for the spin diffusion length in Py as this has been determined 
independently by two groups [26, 27]. By fitting these used values to the modified 
equation, we obtain a spin polarization of oifm = 43±1% and a spin diffusion length 
of An = Xqu = 134 ± 12 nm. While the spin polarization found is in agreement with 
results of Soulen et al. [28], the spin diffusion length is below the results of Ji et al. 
[15] and those of Jedema et al. [29]. 

Using these results, we can calculate the spin current that arrives at the Py 
halfring compared to the charge current injected between contacts 3 and 4 and we 
find a ratio of I S /I C = (1-2 ± 0.1) • 10" 2 . 

We now employ these spin currents to manipulate the magnetization. We study 
their influence on the depinning behaviour of a transverse DW (TDW) in the half 
ring in sample B. The TDW was nucleated with a field as described in [30], with a 
resulting magnetic structure and a corresponding OOMMF simulation [21] shown 
in Fig. 1 (b) and (c). The TDW is positioned below the central Cu wire slightly 
off center to the right (see sketch in Fig. 3 (d)). During the experiment a spin 
current is generated by a 50 /xs long charge pulse between contacts 3 and 4, which 
is then absorbed by the TDW in the Py half ring. The position and ultimately the 
depinning of the TDW is determined by the voltage drop due to the AMR signal 
between contacts 8 and 9 when applying a small ac lock-in current (10 10 j4/tti 2 ) 
between 3 and 10 [30]. 

The dependence of the depinning field as a function of the current amplitude 
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is now shown in Fig. 3 (a): For negative currents, the depinning field decreases 
with increasing current amplitude. For positive currents, where the spin current 
and the applied field act in opposite directions, one would expect an increase in the 
depinning field if DC currents are used. But as we use current pulses, the wall depins 
in between pulses at a field that corresponds to the zero current depinning field, a 
behavior that we have discussed previously in [12]. The constant depinning field for 
positive currents also shows that there was no significant Joule heating affecting 
the depinning. In order to compare our findings with the results of current induced 
domain wall motion (CIDM), where the combined spin and charge current flows in 
the ferromagnet, we divide the spin current by the cross-sectional area of the Py half 
ring, which results in the spin current densities shown on the upper x-axis of Fig. 3 
(a). We obtain a depinning efficiency of (6 ± 1) • 10~ 14 Tm 2 /A and by extrapolation 
a spin current density of (7 ± 2) ■ 10 10 A/m 2 at which the DW would depin without 
any external field. Compared with CIDM, the efficiency is larger by an order of 
magnitude (eciDM ~ 5 • 10~ 15 Tm 2 /A [12]) and the extrapolated required current 
density for depinning (j'cidm ~ 2 • 10 12 A/m 2 [12]) is about thirty times smaller. 

To demonstrate that it is the spin current that acts on the DW, we simulate the 
influence of Oersted fields created by the pulses between contacts 3 and 4 with the 
maximum charge current that was applied in our experiments. We find a maximum 
field of less than 10 Oe at the edge and an average field of 1 Oe in the area of 
the DW, which is negligible compared to the depinning field. Furthermore, we have 
repeated the experiment with the DW at distances of a few hundred nm from the 
central Cu wire and we see that in this case the depinning of a DW is not affected by 
the currents, which excludes Oersted field effects and points to spin currents effects. 

To theoretically explain the observed high efficiency, we look at the fundamental 
differences between the torques caused by spin polarized charge currents flowing in 
a single Py wire and the lateral spin valve geometry used here. The change of the 
magnetization m (here a dimensionless unit vector) in the case of a spin current 
being absorbed at a FM-NM interface is given by [31] 

dm, 7/1 . . . 

-dT = 2^v mxIsXm - (2) 

Here, h is the Planck constant, Ms the saturation magnetization of the FM, 7 = 
the gyromagnetic ratio (/ie being the Bohr magneton), Is the orientation of the 
spin current injected into the FM and V the volume affected by the noncollinear 
torque. For our case, V is defined by the penetration depth of the spin currents 
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times the surface where the spin currents enter and act on the FM. This surface is 
determined in one direction by the DW width and in the other by the wire thickness 
(assuming all the spins enter by the side wall) or the wire width plus the thickness 
(assuming that the spins enter by the side and the top surface of the Py half ring) . 
In our experiment, the orientation in the spin current (Is) is perpendicular to the 
magnetization (m) inside the TDW (see Fig. 3 (d)) leading to a maximized torque 
with a magnitude of 

dm Is^B ,„s 

sc ~ eM s V U 



at 



This has to be compared with the spin polarized charge current induced magneti- 
zation change. Assuming a = (3 [9, 10, 11], the magnitude of the torque for a DW 
along the x-axis is given by [32]: 



dm, 



dt 



CIDM AeM S 



dm 



dx 



(4) 



Here, Ic is the charge current sent through a FM wire with a cross sectional area 
A. Dividing Eq. (3) by Eq. (4), we obtain: 

\dm/dt\ = I S A 
\drh/dt\ciDM a F I c V(dm/dx) 

Depending on the volume affected by the spin currents, the ratio becomes ~ 25 
(assuming the side and the top of the FM) to ~ 900 (assuming only the side). 
The magnetization gradient ^ is given by the domain wall width low'- ^ = 
and the magnetic dephasing length used is 0.8 nm [33]. Thus, these calculations 
show that for pure spin current induced DW depinning the impact on the magnetic 
moments at the edge of the FM wire are one to two orders of magnitude larger than 
for CIDM. For DWs pinned by the edge, this gives an estimate of the increased 
depinning efficiency in line with our measurements. 

In conclusion, we have shown that the depinning of DWs can be efficiently assi- 
sted by nonlocal spin currents due to the large torque that then acts on the surface 
layers of the FM, where the domain wall pinning originates. 
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Fig. 1: (a) Scanning electron microscopy (SEM) image of the nonlocal spin valve 
geometry of the samples used in the experiment with the contacts numbered 1 to 
10. The bright stripes represent the Cu contacts, while the darker stripes consti- 
tute the Py wire and half ring, (b) XMCD-PEEM image of the spin configuration 
and the enlarged image of the transverse domain wall prior to contacting. The 
shades of grey visualize the vertical component of the magnetization configura- 
tions, which is in agreement with the micromagnetic simulation shown in (c). 
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Fig. 2: Non-local spin resistance measurements (Rnl = ~^r) f° r both samples 
with a depiction of the corresponding current and voltage contact setup sketched 
to the left of the diagrams and the respective resistance differences to the right. 
For sample B with a smaller edge-to-edge distance d between the injector- and 
detector, the nonlocal spin signal increases to 88.8 fj,£l. The arrows between the 
diagrams indicate the magnetic orientation of the FM wire and halfring. 
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Fig. 3: (a) Depinning fields as a function of the applied charge currents and the 
resulting corresponding spin current density (top x-axis). The direction of the 
charge current flow I and the injected pure diffusive spin current (arrows with 
circles on the central yellow NM spin conduit) are shown in (b) for negative cur- 
rent pulses. The situation for positive pulses is depicted in (c). If the electron 
(charge) current flows from the ferromagnet (FMi) into the non-ferromagnet 
(NM) as in (b), the spins in the spin current (green arrows with circles) are ori- 
ented parallel to the magnetization of the ferromagnet (FMi). In the opposite 
case (c) the spins in the spin current (red arrows with circles) are oriented anti- 
parallel to the magnetic orientation of FMi . In (d) we show for negative current 
pulses, the torque (Eq. (2)) exerted by the spin currents that is absorbed from 
the NM into the FM2 where the transverse DW is located. The spin current ab- 
sorption leads to a rotation of the original magnetization (large arrows) in FM2 
below the NM wire counterclockwise (indicated by the black arrows in (d)). The 
resulting magnetization direction is shown by the dotted large arrows, meaning 
that the TDW is effectively displaced to the left. 



11 



